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Abstract 

Objective:  To  screen  currently  available  commercial  off-the-shelf  (COTS)  tourniquets  for 
effectiveness  in  human  volunteers.  Methods:  Seven  potential  battlefield  tourniquets  were  tested 
for  efficacy  (elimination  of  distal  Doppler  pulse)  in  the  leg  (Experiment  I;  n=18).  Those  found 
to  be  effective  in  >  80%  of  subjects  in  Experiment  I  were  tested  on  the  arm  (Experiment  II; 
n=12).  Results:  Experiment  I:  Three  of  the  seven  tourniquets  tested  on  the  thigh  were  effective 
in  100%  of  the  subjects  tested;  a  fourth  was  effective  in  88%.  Experiment  II:  Three  of  the  four 
successful  devices  were  effective  100%  of  the  time  when  applied  to  the  arm.  Reasons  for  failure 
in  either  test  included  the  inability  to  occlude  arterial  flow  due  to:  mechanical  limitations  (design 
or  construction),  circumferential  pain,  and  skin  pinching.  Conclusion:  The  Emergency  Military 
Tourniquet™  (Delfi  Medical  Innovations,  Inc.);  the  Combat  Application  Tourniquet  (Phil 
Durango  LLC);  and  the  Special  Operations  Force  Tactical  Tourniquet  (Tactical  Medical 
Solutions  LLC)  were  all  found  to  be  100%  effective  on  both  the  arm  and  leg  in  the  laboratory 
environment.  Suitability  for  battlefield  use  remains  to  be  determined  based  on  field  testing. 
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Introduction 

The  majority  of  combat  wounds  occur  in  the  extremities,  and  it  has  been  estimated  that  7 
out  of  100  battlefield  deaths  could  be  prevented  with  properly  applied  tourniquets  (1,  2).  The 
need  for  a  rapidly  deployable  military  tourniquet  has  been  identified  for  at  least  half  a  century 
(3),  and  recently  it  has  been  recommended  by  military  medical  experts  that  high  priority  be  given 
to  the  development  of  an  improved,  field-expedient  tourniquet  capable  of  reliably  stopping 
arterial  bleeding  as  well  as  rapid  self-application  with  one  hand  (4).  Rather  than  spending  time 
attempting  to  develop  the  ideal  military  tourniquet,  it  was  decided  to  screen  currently  available 
commercial  off-the-shelf  (COTS)  devices.  The  availability  of  candidates  was  based  on  an 
informal  internet  search  for  trauma  tourniquets  which  revealed  a  number  of  possible  COTS 
candidates,  as  well  as  reports  from  military  medical  personnel  involved  in  Operation  Enduring 
Freedom  (OEF)  and  Operation  Iraqi  Freedom  (OIF)  of  the  use  of  commercially  available 
tourniquets  in  recent  combat.  Appropriate  functional  parameters,  design  criteria,  and  testing 
procedures  were  specified  by  an  expert  panel  convened  as  part  of  the  2003  Advanced 
Technology  Applications  for  Combat  Casualty  Care  Conference  (ATACCC)(5).  An  ad  hoc 
committee  at  this  meeting  combined  design  parameters  along  with  previously  established  limits 
on  cost,  weight,  physical  size,  and  effectiveness.(6)  The  consensus  of  this  committee  was  used 
as  the  basis  of  a  Request  For  Information  (RFI)  requesting  letters  of  intent  from  parties  interested 
in  producing  tourniquets  for  testing.  The  RFI  was  posted  in  Federal  Business  Opportunities 
(www.FedBizOpps.gov)  (Appendix  A).  Interested  parties  were  asked  to  provide  10  units  of 
their  proposed  battlefield  tourniquet  for  testing  in  human  subjects  at  the  United  States  Army 
Institute  of  Surgical  Research  (USAISR).  Nine  companies  responded  to  the  RFI  with  candidate 
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devices  and  this  paper  reports  the  results  of  testing  these  candidates  in  human  volunteers. 

Materials  and  Methods 
Tourniquets 

Nine  different  tourniquet  models  were  submitted  for  testing,  and  seven  of  these  met  design 
criteria.  Their  size,  weight,  and  design  features  are  shown  in  Table  1.  Tourniquets  failing  to 
meet  one  or  more  design  requirements  were  excluded  from  further  evaluation  in  human  subjects. 
The  candidates  were  as  follows:  Combat  Application  Tourniquet  (CAT-Phil  Durango,  LCC); 
Self- Applied  Tourniquet  System  (S  ATS -Marketing  Tactics,  LLC);  Mechanical  Advantage 
Tourniquet  (MAT-Bio  Cybernetics  International);  Special  Operations  Forces  Tactical  Tourniquet 
(SOFTT-Tactical  Medical  Solutions,  LLC);  One  Handed  Tourniquet  (H-dyne-Hemodyne  Inc.); 
Last  Resort  Tourniquet  (LRT-Hammerhead,  LLC);  Emergency  Military  Tourniquet  (EMT-Delfi 
Mecial  Innovations  Inc.);  London  Bridge  Tourniquet  (LBT-London  Bridge  Trading  Company, 
LTD);  K2  Tactical  Tourniquet  (K2  -HGWV,  LLC). 
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Table  1 


Tourniquet 

Wt(g) 

L 

(cm) 

W 

(cm) 

H 

(cm) 

LxWxH 

(cm) 

Strap 

Width 

(cm) 

Maximum  Circumference 

(cm) 

Mechanical 

Augmentation 

CAT 

59 

18.3 

4.8 

3.1 

266 

3.8 

77 

Windlass 

SATS 

136 

16.5 

4.8 

5.7 

448 

3.8 

122 

Cam 

MAT 

145 

12.1 

10.4 

7.2 

912 

3.8 

88 

Block  and 

Tackle 

SOFTT 

160 

17.4 

5.1 

8.4 

746 

3.7 

93 

Windlass 

H-dyne 

174 

25.0 

4.8 

5.8 

692 

2.8 

83 

Elastic 

LRT 

183 

10.9 

6.0 

6.3 

410 

5.1 

76 

Ratchet 

EMT 

215 

10.3 

6.9 

6.9 

491 

9.1 

89 

Pneumatic 

LBT 

260| 

14.7 

5.5 

4.9 

401 

2.4* 

89 

Ratchet 

K2 

990f 

47.6 

3.8 

25.4 

4,597 

3.8 

78 

Ratchet 

Physical  characteristics  of  candidate  tourniquets.  Abbreviations:  CAT-  Combat  Application  Tourniquet  (Phil 
Durango,  LCC);  SATS  -  Self-Applied  Tourniquet  System  (Marketing  Tactics,  LLC);  MAT  -  Mechanical 
Advantage  Tourniquet  (Bio  Cybernetics  International);  SOFTT  -  special  operation  forces  tactical  tourniquet 
(Tactical  Medical  Solutions,  LLC);  H-dyne  -  One  Handed  Tourniquet  (Hemodyne  Inc.);  LRT  -  Last  Resort 
Tourniquet  (Hammerhead,  LLC);  EMT  -  Emergency  Military  Tourniquet  (Delfi  Mecial  Innovations  Inc.);  LBT  - 
London  Bridge  Tourniquet  (London  Bridge  Trading  Company,  LTD);  K2  -  K2  Tactical  Tourniquet  (HGWV,  LLC). 

Subjects 

Following  approval  from  the  Brooke  Army  Medical  Center  Institutional  Review  Board, 
two  separate  experiments  were  conducted.  Tourniquets  were  tested  at  the  level  of  the  proximal 
femur  in  Experiment  I  and  the  proximal  humerus  in  Experiment  II.  After  being  informed  of  all 
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procedures  and  risks,  twenty  healthy,  normotensive,  men  and  women  age  23-47  years  gave 
written  consent  to  serve  as  subjects  in  one  or  both  experiments.  Eighteen  subjects  participated  in 
Experiment  I  (16  male,  2  female).  Twelve  subjects  participated  in  Experiment  II  (10  male,  2 
female).  Ten  of  the  subjects  in  Experiment  II  had  also  participated  in  Experiment  I. 

Both  experiments  were  conducted  with  the  subjects  wearing  surgical  “scrubs”  of  identical 
fabric  composition.  Prior  to  the  experiment,  each  subject’s  height,  weight,  limb  circumference 
(Experiment  I  mid-thigh;  Experiment  II  mid-upper  arm)  was  measured.  The  subjects  were  then 
seated  and  upper  extremity  blood  pressure  and  heart  rate  were  measured.  Baseline  subject  data 
are  presented  in  Table  2. 


Table  2 


Experiment  I  -  Leg 

(n=  18) 

Experiment  II  -  Arm 

(n  =  12) 

Mean  ±  SD 

Range 

Mean  ±  SD 

Range 

Age  (yrs) 

35.3  ±  7.3 

23-47 

35.5  ±  7.9 

22-47 

Weight  (Kg) 

83.4  ±  10.7 

65-103 

85.5  ±  13.9 

65-103 

Height  (cm) 

177  ±7 

163-188 

178  ±8 

163-191 

Limb  Circumference  (cm) 

59.5  ±4.6 

51.5-67.5 

34.0  ±  4.2 

28.5-42.5 

Heart  Rate  (beats/min) 

Blood  Pressure  (mmHg) 

65  ±9 

42-80 

62  ±7 

50-72 

Systolic 

122  ±7 

100-130 

119  ±  6 

110-128 

Diastolic 

75  ±9 

58-90 

79  ±4 

70-88 

Baseline  characteristics  of  subjects.  Subject  data  for  male  and  female  subjects  is  combined:  Experiment  I  -  2 
female,  16  male;  Experiment  II  -  2  female,  10  male. 

Experimental  Procedures 
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All  tourniquets  were  tested  in  a  single  session  with  each  subject.  Each  tourniquet  was 
assigned  a  number,  and  this  number  was  used  in  conjunction  with  a  random  number  generator  to 
produce  the  order  of  testing  for  each  subject.  The  primary  endpoint  of  both  experiments  was  the 
elimination  of  arterial  blood  flow  in  the  popliteal  (Experiment  I)  or  radial  (Experiment  II)  artery, 
determined  using  Doppler  ultrasound  (Imexdop  CT+,  Nicolet  Vascular  Inc.)  which  provided  the 
investigators  and  subjects  with  continuous  auditory  feedback  during  the  tightening  of  each 
tourniquet.  Prior  to  testing  each  tourniquet,  subjects  were  instructed  on  how  to  properly  apply 
each  device  according  to  the  instructions  provided  by  the  manufacturers.  Subjects  applied  and 
tightened  their  own  tourniquets,  and  were  instructed  to  continue  tightening  the  tourniquet  until 
either  the  audible  Doppler  signal  ceased  or  the  pain  from  the  tourniquet  became  intolerable.  If 
the  subject  successfully  occluded  blood  flow,  the  tourniquet  was  slowly  released  to  confirm  re¬ 
establishment  of  Doppler  signal  and  ensure  that  loss  of  signal  was  due  to  the  tourniquet  and  not 
movement  of  the  ultrasound  probe.  Subjects  were  aided  by  the  experimenter  to  ensure  proper 
and  uniform  placement  prior  to  tightening  each  tourniquet. 

In  some  cases  tourniquets  broke  or  malfunctioned  during  a  test.  In  these  cases,  the  event 
was  noted  and  the  subject  was  asked  to  repeat  the  test  with  a  new,  identical  tourniquet. 
Immediately  upon  release  of  each  tourniquet  subjects  rated  the  pain  produced  during  tourniquet 
application  using  the  visual  analog  pain  scale.(7)  Subjects  were  asked  to  differentiate  between 
diffuse,  circumferential  pain  from  the  tourniquet  strap  and  localized  pinching  from  one  or  more 
tourniquet  components. 

Experiment  I 

With  the  subject  seated,  the  site  of  maximal  popliteal  Doppler  signal  at  the  level  of  the  knee  was 
located  and  marked.  The  subject  positioned  the  tourniquet  around  their  proximal  thigh  and 
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secured  it  in  place.  The  experimenter  then  re-established  a  Doppler  signal,  and  the  subject 
tightened  the  tourniquet.  Subjects  alternated  between  right  and  left  legs,  with  5  minutes  between 
each  test.  The  initial  leg  was  alternated  between  each  session,  e.g.,  subject  1  applied  the  first 
tourniquet  to  the  right  leg,  subject  2,  to  the  left.  All  tourniquets  meeting  design  criteria  were 
tested  in  Experiment  I.  Tourniquets  were  required  to  occlude  arterial  flow  in  15  of  the  18  (83%) 
of  the  subjects  to  be  considered  successful  and  be  tested  in  Experiment  II. 

Experiment  II 

With  the  subject  seated,  the  site  of  maximal  radial  arterial  signal  at  the  level  of  the  wrist 
was  located  by  Doppler  auscultation  and  marked.  Following  instruction,  the  subject  applied  the 
tourniquet  to  their  non-dominant  arm.  All  other  procedures  were  the  same  as  those  outlined  in 
Experiment  I. 

Data  Analysis 

Data  from  the  analog  pain  scale  was  analyzed  using  a  Cochran-Mantel-Haenszel  Chi-square 
Test.  Significance  was  set  at  p  <  0.05.  Tourniquets  were  judged  effective  if  they  were 
successful  in  occluding  arterial  flow  in  >80%  of  subjects,  which  is  the  military  standard  for 
tourniquet  effectiveness(8).  No  statistical  analysis  was  applied  to  the  effectiveness  data. 

Results 

Experiment  I 

The  results  of  Experiment  1  are  shown  in  Table  3.  The  CAT,  EMT,  and  SOFTT  were  effective 
in  all  subjects.  The  MAT  was  effective  in  88%  (14/16).  The  remaining  three  tourniquets  all  fell 
below  the  80%  level  of  acceptance.  Mechanical  failures  occurred  in  two  of  the  devices  tested;  4 
MAT  tourniquets  and  3  LRT  tourniquets.  In  these  cases,  the  trial  was  repeated  with  a 
replacement  tourniquet,  and  breakage  is  not  reflected  in  the  effectiveness  data.  Pain  scores  were 
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only  analyzed  for  tourniquets  that  met  the  acceptance  level  based  on  the  elimination  of  Doppler 
pulse,  i.e.,  the  MAT,  EMT,  CAT,  and  SOFTT.  The  EMT  resulted  in  significantly  decreased 
circumferential  pain  than  the  other  three  effective  tourniquets  (p  <  0.05).  Pinching  was 
significantly  decreased  in  both  the  EMT  and  CAT  compared  to  the  remaining  two  (p  <  0.05).  In 
the  event  that  a  tourniquet  failed  to  eliminate  Doppler  pulse,  the  reason  for  the  failure  was  noted 
(Table  3).  The  causes  of  failure  were:  intolerable  pain,  either  circumferential  or  pinching;  failure 
of  the  tourniquet  to  maintain  tension  (slipping);  or  the  inability  of  the  subject  to  generate  the 
requisite  tension  (physical  limitation). 
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Table  3 


MAT 

CAT 

EMT 

LRT 

H-Dyne 

SATS 

SOFTT 

Percent  Effective 

88 

100 

100 

67 

22 

44 

100 

Number  Effective 

14/16 

18/18 

18/18 

12/18 

4/18 

8/18 

18/18 

Pain  (circumferential) 

n/a 

3.1 

2.6* 

n/a 

n/a 

n/a 

3.5 

Pain  (pinch)* 

n/a 

0.4f 

0.0f 

n/a 

n/a 

n/a 

2.2 

Reason  for  Failure 

Pain  (circumferential) 

1 

n/a 

n/a 

2 

4 

2 

n/a 

Pain  (pinch) 

1 

n/a 

n/a 

1 

0 

0 

n/a 

Slipping 

0 

n/a 

n/a 

3 

5 

0 

n/a 

Physical  limitation 

0 

n/a 

n/a 

0 

5 

8 

Malfunction/Break 

4 

0 

0 

3 

0 

0 

0 

Results  of  Experiment  I.  ^Significantly  different  from  CAT  and  SOFTT  (p  <  0.05) 
fSignificantly  different  form  SOFTT  (p  <  0.05) 

Experiment  II 

The  results  of  Experiment  2  are  shown  in  Table  4.  Three  tourniquets  were  effective  in  all 
subjects  tested.  A  fourth,  the  MAT,  was  effective  in  75%  (9/12).  The  failure  of  the  MAT  was 
due  in  all  cases  to  intolerable  pinching  pain.  The  MAT  produced  significantly  greater  pinching 
pain  than  the  other  tourniquets  (p<0.05).  If  the  subject  was  unable  to  achieve  successful 
occlusion,  the  pain  score  for  this  subject  was  excluded  from  the  analysis. 
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Table  4 


MAT 

CAT 

EMT 

SOFTT 

Percent  Effective 

75 

100 

100 

100 

Pain  (circumferential) 

2.0 

1.0* 

0.0* 

0.5 

Pain  (pinch)* 

6.5 

0.0* 

0.0* 

2.5 

Malfunction/Break 

4 

0 

0 

0 

Results  of  Experiment  II.  *Significantly  different  from  EMT  and  CAT  (p  <  0.05) 


Discussion 

The  results  of  this  study  are  significant  in  that  we  have  not  only  identified  three  effective 
COTS  battlefield  tourniquets,  but  we  also  have  identified  a  number  of  ineffective  devices.  The 
latter  point  is  arguably  as  important  as  the  first.  The  primary  objective  in  the  use  of  a  tourniquet 
is  complete  arterial  blood  flow  occlusion  in  order  to  cease  more  distal  hemorrhage.  A  device 
that  delivers  anything  short  of  this  is  unacceptable  (5,  9).  A  tourniquet  tight  enough  to  occlude 
venous  hut  not  arterial  flow  can  exacerbate  hemorrhage  from  injured  arteries  and  cause 
significant  injury  to  underlying  and  distal  tissues.  An  inadequate  tourniquet  can  also  cause 
significant  bleeding  from  damaged  soft  tissues  distal  to  the  device  by  allowing  continued  arterial 
flow  to  these  tissues  with  occlusion  of  venous  return  to  the  circulation.  In  this  circumstance, 
venous  flow  will  be  primarily  through  damaged  tissue. 

tVi 

The  limb  circumferences  for  the  2  female  subjects  in  Experiment  I  fell  into  the  50 
percentile  for  U.S.  male  soldiers,  so  we  combined  all  data  into  a  single  group.  The  overall  range 
of  limb  circumferences  was  51.5-67.5  cm,  corresponding  respectively  to  the  95th  and  5th 
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percentiles  of  U.S.  male  soldiers  (10).  A  more  rigorous  test  would  have  included  subjects  with 
thigh  circumferences  at  or  near  the  upper  extremes  of  male  soldiers,  however  we  felt  that  it 
would  prove  excessively  difficult  to  screen  only  for  subjects  representing  the  upper  extremes  and 
would  preclude  the  identification  of  tourniquet  design  problems  that  affected  only  smaller  limbs. 
In  testing  of  the  three  tourniquets  that  were  successful  in  all  subjects,  7  of  18  subjects  had  thigh 
circumferences  above  the  80th  percentile  of  U.S.  Army  personnel. 

The  majority  (68%)  of  combat  injuries  requiring  a  tourniquet  occur  in  the  lower 
extremities  (1 1).  The  lower  limb  requires  much  greater  tourniquet  pressure  to  occlude  blood 
flow  than  does  the  upper  limb  because  the  pressure  required  to  occlude  blood  flow  in  a  limb 
increases  exponentially  with  limb  circumference  (12-14).  We  initially  thought  that  testing  could 
be  limited  to  the  lower  limbs  because  it  is  much  more  difficult  to  occlude  their  arterial  flow, 
however  we  were  concerned  that  unique  design  features  of  individual  tourniquets  might  preclude 
effectiveness  at  the  smaller  circumferences  of  the  arm.  While  this  was  not  an  issue  with  the  three 
tourniquets  that  worked  in  all  subjects,  it  was  a  problem  with  the  MAT.  Specific  features  of  this 
device’s  design  resulted  in  skin  pinching  so  severe  that  3  of  the  12  subjects  were  unable  to 
tighten  the  tourniquet  to  occlusion  pressure.  While  it  is  not  possible  to  conclude  that  the  MAT 
would  have  been  effective  had  this  not  been  the  limiting  factor,  it  is  nonetheless  likely  based  on 
the  fact  that  it  was  effective  82%  of  the  time  in  the  inherently  more  difficult  test  in  Experiment  I. 
This  device  may  be  amenable  to  structural  modifications  which  would  resolve  this  problem. 

There  was  no  subject  that  reported  difficulty  tightening  the  CAT  and  it  is  likely  that 
additional  tightening  would  have  been  possible  in  all  subjects  if  required.  Likewise,  the  EMT 
easily  reached  occlusion  pressure  in  all  subjects.  In  contrast,  the  SOFTT  had  much  less 
“reserve”  tightening  capacity.  We  found  prior  to  formal  testing  that  it  was  necessary  to  pull  the 
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SOFTT  very  snug  (through  the  buckle)  prior  to  tightening  with  the  windlass.  This  was  because 
only  2  turns  of  the  windlass  could  be  obtained  before  the  bulk  of  the  strap  began  to  hinder  further 
tightening.  Consideration  of  reserve  tightening  capacity  may  be  significant  for  those  interested 
in  use  of  these  devices  in  the  field,  where  use  will  be  under  less  ideal  conditions. 

The  CAT  (Figure  1)  and  SOFTT  (Figure  2)  use  a  windlass  for  tightening  which  can  be 
fixed  in  one  of  two  positions  separated  by  1 80°.  In  the  present  investigation  subjects  were 
instructed  to  tighten  each  tourniquet  until  they  were  unable  to  hear  a  Doppler  pulse,  but  were  not 
required  to  secure  the  windlass.  Under  actual  use,  the  requirement  to  fix  the  windlass  could 
force  the  user  to  tighten  the  tourniquet  more  than  what  was  required  in  the  current  experiment. 
Each  Vi  turn  of  the  windlass  resulted  in  a  take  up  of  approximately  4.5  cm  and  7.0  cm  for  the 
CAT  and  SOFTT,  respectively.  In  contrast  the  EMT,  because  it  is  pneumatic  (Figure  31.  can  be 
tightened  (inflated)  in  very  small  increments.  Thus  it  is  safer  due  both  to  its  greater  width,  as 
well  as  the  ability  to  more  finely  adjust  pressure. 

The  pressure  profile  between  a  tourniquet  and  underlying  tissue  is  less  damaging  in 
inflatable  than  strap  tourniquets.  The  shear  force  caused  by  the  abrupt  edge  of  a  strap  results  can 
result  in  direct  trauma  to  underlying  nerves  (15-17).  A  unique  feature  of  the  CAT  involves 
placing  the  tightening  strap  within  a  sleeve,  a  “strap  within  a  strap”  design  (Figure  1).  Although 
not  directly  tested  in  the  present  study,  this  appeared  to  have  the  effect  of  more  evenly 
distributing  the  circumferential  force  around  the  limb. 

Statistical  analysis  of  pain  scores  could  not  be  performed  using  unsuccessful  trials  as 
their  inclusion  would  represent  an  underestimation  of  pain;  i.e.,  a  successful  trial  would  require 
greater  tightening  pressure  and  thus  greater  pain.  Analysis  was  therefore  performed  only  on  the 
four  tourniquets  meeting  the  criteria  for  success  (>  80%  effectiveness).  The  EMT  produced 
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significantly  less  circumferential  pain  in  both  the  leg  and  the  arm  than  other  devices.  Combined 
with  the  established  relationship  between  tourniquet  width  and  effective  occlusion  pressure  (13), 
and  the  pain  scores  in  the  present  study,  it  is  reasonable  to  assume  that  the  elimination  of 
Doppler  pulse  with  this  device  occurred  at  a  lower  pressure  than  the  other  tourniquets  tested. 
Animal  studies  have  demonstrated  that  there  is  a  direct  relationship  between  nerve  injury  and 
tourniquet  pressure  (16, 18)  and  the  majority  of  nervous  complications  following  tourniquet  use 
during  extremity  surgery  can  be  attributed  to  the  accidental  overinflation  of  the  tourniquet  (19). 
For  these  reasons  it  is  likely  that  the  EMT  represents  the  safest  tourniquet  tested,  and  it  is  the 
only  device  that  has  been  systematically  tested  as  a  hemorrhage  control  device  during  surgery 
(20). 

This  study  has  not  only  determined  which  battlefield  tourniquets  are  effective  and  should 
be  considered  for  fielding,  but  also  determined  which  tourniquets  are  ineffective  and/or  suffer 
from  apparently  flawed  engineering.  Of  the  nine  tourniquets  received  for  testing,  six  are 
currently  commercially  available  (CAT,  SATS,  SOFTT,  LRT,  EMT,  LBT)  and  three  are 
advanced  prototypes  (MAT,  OHT,  K2)  intended  for  eventual  commercial  marketing.  Strap  type 
tourniquets  do  not  require  approval  from  the  U.S.  Food  and  Drug  Administration  (FDA)  as  a 
medical  device,  and  this  study  is  the  first  systematic,  laboratory  evaluation  of  non-pneumatic 
tourniquets  in  human  subjects.  The  pneumatic  EMT  has  been  tested  in  humans  and  does  have 
FDA  approval  (20). 

Nine  companies  originally  responded  to  RFI  with  devices;  however  two  of  their 
submissions  failed  to  meet  minimum  design  requirements.  One  of  the  rejected  devices  exceeded 
weight  and  size  limits  (K2),  while  the  other  failed  to  meet  the  minimum  strap  width  requirement 
of  1  inch  (LBT).  This  minimum  was  required  for  the  safety  of  human  subjects  as  the  force 
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required  to  occlude  blood  flow  is  inversely  proportional  to  the  tourniquet  width  (13),  and  the 
severity  of  tourniquet  injury  is  directly  proportional  to  tourniquet  pressure  (16, 21). 

The  SATS  was  effective  in  only  44%  of  the  subjects  (Figure  4).  The  cam  used  to 
mechanically  enhance  tightening  provided  only  3.9  cm  of  excursion.  This  forced  the  majority  of 
the  tightening  to  be  performed  through  the  strap  and  buckle.  In  subjects  in  whom  the  SATS  was 
effective,  repeated  releases  of  the  cam  and  retightening  through  the  buckle  were  required  before 
occlusion  was  obtained.  In  50%  of  the  subjects  this  measure  was  not  adequate  to  obtain 
occlusion. 

The  H-dyne  tourniquet  was  the  least  effective  tourniquet  tested,  with  occlusion  reached  in 
only  22%  of  subjects.  It  is  composed  of  four  parallel  3/8  inch  “bungee”  cords,  and  at  a  width  of 
2.8  cm  it  was  the  narrowest  tourniquet  tested.  A  cross  section  composed  of  four  round  cords  is 
not  comparable  to  a  strap  of  a  similar  cross  section  as  the  effective  reduction  in  the  diameter  of 
each  cord  as  it  stretched  during  application  was  observed  to  result  in  a  considerably  narrower 
overall  width.  This  fact  likely  contributed  to  the  failure  of  the  device  because  there  is  an  inverse 
relationship  between  tourniquet  width  and  the  circumferential  force  required  to  occlude  arterial 
flow  in  a  limb(13).  This  may  explain  why  five  subjects  were  unable  to  generate  the  requisite 
force  to  eliminate  Doppler  pulse  with  the  consistently  narrowing  bands.  The  greater 
circumferential  force  results  in  greater  pain,  explaining  why  four  additional  subjects  failed  to 
occlude  flow  before  the  pain  became  intolerable.  The  remaining  five  failures  were  due  to 
slippage  of  the  cords  through  the  buckle.  This  was  likely  due  to  the  fact  that  in  order  to  have  a 
safe  device,  we  needed  to  remove  the  metal  serrated  plate  designed  to  grip  the  cords  as  they 
passed  through  the  buckle  because  these  plates  were  flawed  in  the  tourniquets  we  received, 
making  it  impossible  to  loosen  the  tourniquet  once  it  was  tightened  (Figure  5).  Thus  the  H-dyne 
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tourniquets  we  tested  were  altered  from  the  manufacturer’s  design.  Regardless,  even  if  this  had 
not  been  the  case,  this  tourniquet  would  have  failed  based  on  the  other  issues  discussed  above. 

Malfunctions  were  observed  in  two  of  the  tourniquets;  the  MAT  (Figure  61  and  LRT 
(Figure  7).  In  the  case  of  the  MAT,  the  tightening  mechanism  broke  on  four  tourniquets  (22%). 
The  malfunction  was  similar  in  every  case,  at  the  time  of  this  writing  this  problem  had  been 
solved  by  the  manufacturer.  In  the  case  of  the  LRT  two  major  types  of  malfunction  occurred.  In 
four  tourniquets  the  latching  mechanism  simply  fell  out,  rendering  the  tourniquet  useless.  In  all 
cases  this  occurred  prior  to  application,  so  no  test  was  directly  affected  by  these  malfunctions. 
However  on  four  other  occasions  during  testing,  the  ratchet  was  unable  to  engage  once 
significant  tension  was  placed  on  it.  This  was  because  excessive  play  of  the  ratchet  wheel  within 
the  race  caused  the  ratchet  to  disengage  from  the  pawls  when  under  tension,  making  it  incapable 
of  generating  additional  force.  A  tourniquet  based  on  a  similar  ratchet  mechanism  has  been 
included  in  the  U.S.  Army  Ranger’s  hemorrhage  control  kit  and  has  proven  to  be  effective  in  use 
on  the  battlefield.  Failure  in  laboratory  testing  highlights  the  importance  of  testing  even  those 
designs  which  appear  to  be  reasonable  for  use.  It  is  possible  that  other  tourniquets,  both 
improvised  and  purpose-built,  which  also  appear  to  be  sufficient  upon  cursory  inspection,  might 
fail  under  rigorous  testing. 

In  the  present  study  intolerable  pain  was  one  criterion  for  failure.  The  use  of  pain  as  a 
criterion  for  success  could  be  argued  as  an  unfair  test  of  a  tourniquet’s  effectiveness  in  a 
battlefield  situation,  in  which  pain  is  a  secondary  concern  after  hemorrhage  control.  On  the  other 
hand  one  could  speculate  that  the  extent  of  tourniquet  pain  induced  by  a  given  tourniquet  is 
related  to  the  potential  for  compression  injury  to  the  underlying  nerve,  thus  self-limitation  acts  as 
an  indirect  screen  for  the  safety  of  a  given  tourniquet.  In  any  case,  we  are  unaware  of  an  ethical 
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method  of  inducing  normal  volunteers  to  apply  extremely  painful  and  potentially  injurious 
tourniquets  to  occlusion  pressure.  It  is  noteworthy  that  with  the  exception  of  the  H-dyne,  no 
tourniquet  was  eliminated  based  on  pain  alone. 

It  is  important  to  note  that  we  made  no  attempt  to  simulate  field  conditions.  Potential 
interactions  of  field  clothing,  challenging  environmental  conditions,  and  other  battlefield 
concerns  with  tourniquets  remain  to  be  evaluated.  Additionally,  materials  testing  will  also  be 
required  to  ensure  that  mechanical  components  are  not  vulnerable  to  extremes  in  temperature  or 
other  environmental  changes. 

Conclusions 

Given  that  many  of  the  tourniquets  that  we  tested  are  or  soon  will  be  available  for 
purchase  by  individual  soldiers  and  units;  providing  guidance  on  which  devices  are  and  are  not 
effective  is  important  and  timely.  Tourniquets  for  battlefield  use  have  received  significant 
interest  from  field  healthcare  providers  as  well  as  soldiers  in  other  military  specialties.  As  a 
result,  the  fielding  of  effective,  safe,  simple,  and  field-expedient  tourniquets  has  been  identified 
as  a  high  priority  by  Department  of  Defense  medical  commands.  The  Emergency  Military 
Tourniquet  (EMT)  (Delfi  Medical  Innovations,  Inc.);  the  Combat  Application  Tourniquet  (C-A- 
T)(Phil  Durango  LLC);  and  the  Special  Operations  Force  Tactical  Tourniquet  (SOFTT)  (Tactical 
Medical  Solutions  LLC)  were  found  to  be  100%  effective  on  both  upper  and  lower  extremities  in 
the  laboratory  environment.  The  strategy  of  identifying  and  testing  COTS  devices  should 
significantly  expedite  the  fielding  of  an  effective  battlefield  tourniquet,  however  final 
recommendations  await  field  and  materials  testing. 
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Figures 
Figure  1 


Figure  1.  The  Combat  Application  Tourniquet  (Phil  Durango).  The  rod  acts  as  a  windlass, 
tightening  the  inner  strap  within  the  outer  sleeve  with  each  turn.  The  strap  on  the  left  secures 
windlass  when  the  tourniquet  is  fully  tightened. 
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Figure  2 


Figure  2.  The  Special  Operations  Forces  Tactical  Tourniquet  (Tactical  Solutions).  The  silver  rod 
acts  as  a  windlass,  tightening  the  entire  strap.  The  triangular  pieces  secure  the  windlass  when  the 
tourniquet  is  fully  tightened. 


Figure  3 


Figure  4.  The  Emergency  Military  Tourniquet  (Delfi  Medical  Innovations).  The  strap  is  wide 
and  secured  by  the  clamp  to  the  right.  The  bladder  within  the  strap  is  inflated  with  the  bulb  to 
tighten  the  device. 
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Figure  4 


Figure  4.  Self- Applied  Tourniquet  System  (SATS).  The  cam  system  used  in  this  tourniquet  provided  too  little 
excursion  to  reliably  and  effectively  occlude  blood  flow. 
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Figure  5 


Figure  5.  The  One  Handed  Tourniquet  (Hemodyne).  Tension  is  created  by  pulling  the  free  end 
through  the  metal  jaw.  This  tightens  but  also  narrows  the  four  elastic  cords.  The  silver  plate  acts 
to  prevent  the  cords  from  slipping,  but  makes  it  very  difficult  to  release  the  device. 
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Figure  6 


Figure  6.  Mechanical  Advantage  Tourniquet  (MAT).  This  device  malfunctioned  on  some  trials 
and  severely  pinched  the  skin.  At  the  time  of  this  writing,  both  issues  have  been  addressed  by 
the  manufacturer. 
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Figure  7 


Figure  7.  The  Last  Resort  Tourniquet  (Hammerhead).  The  metal  portion  (similar  to  a  cargo 
strap)  contains  a  cam-and-ratchet  device  to  tighten  the  outer  strap.  This  device  malfunctioned  in 
some  trials. 
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Appendix  A 


Prototype  Tourniquets  for 

the  Department  of  Defense  Research 

On  Combat  Casualty  Care 


The  Combat  Casualty  Care  Research  Program  of  the  Medical  Research  and  Materiel  Command 
(USAMRMC)  provides  integrated  capabilities  for  far-forward  medical  care  to  reduce  mortality 
and  morbidity  associated  with  major  battlefield  wounds  and  injuries.  The  USAMRMC  is  seeking 
to  test  and  evaluate  novel  prototype  tourniquets  for  hemorrhage  control  on  the  battlefield. 
Interested  firms  will  be  required  execute  a  loan  agreement  with  the  USAMRMC  to  provide  10 
prototype  tourniquets  by  July  1 , 2004  for  test  and  evaluation  at  the  United  States  Army  Institute 
of  Surgical  Research.  In  return,  each  firm  will  be  provided  the  test  results  on  their  tourniquet. 

The  tourniquet  must  meet  the  following  requirements:  1)  Complete  occlusion  of  arterial  blood 
flow  in  a  thigh  (thigh  circumference  =  26.7  inches);  2)  Easy  application  to  either  the  upper  and 
lower  extremity  in  less  than  1  minute  (in  a  tactical  environment)  with  a  minimum  of 
familiarization;  3)  Must  not  slip  (towards  wound)  during  tightening  or  following  application;  4) 
Capable  of  easy  release  and  re-application;  5)  Must  be  less  than  230  grams;  6)  No  external  power 
requirement,  i.e.,  batteries;  and  7)  A  self-life  of  10  yr.  Other  features  that  are  desirable,  but  not 
required  are:  1)  No  less  than  2  inches  in  width;  2)  One-handed,  self-application  to  upper 
extremity;  3)  Capability  to  apply  to  trapped  limbs;  4)  Protection  from  over-tightening;  and  5) 
Have  a  predicted  cost  for  large  scale  production  not  to  exceed  $25/unit.  The  Government  has 
limited  resources,  so  only  the  best  qualified  products  may  be  tested.  No  tourniquet  equal  to  or 
less  than  1  inch  in  width  will  be  considered.  Efficacy  as  well  as  overall  size,  weight,  and  cost 
will  be  major  considerations.  A  letter  of  intent  (LOI)  expressing  your  interest  and  describing 
product  to  be  offered  must  be  e-mailed  to  Cheryl  Miles  at  cheryl.miles@amedd.army.mil  not 
later  than  April  15,2004. 


